Homogeneous squash cotyledon reduced nicotinamide-adenine dinucleotide (NADH):nitrate reductase (NR) was isolated using blue-Sepharose and polyacrylamide gel electrophoresis. Gel slices containing NR were pulverized and injected into a previously unimmunized rabbit. This process was repeated weekly and antiserum to NR was obtained after four weeks.
Assimilatory NR3 is generally recognized as the catalyst for the initial step ofnitrate assimilation where nitrate is reduced to nitrite with pyridine nucleotide as electron donor (10) . Assimilatory NR are accepted to be of large molecular size, and to contain hemeiron, flavin-adenine dinucleotide, and molybdenum. These components act as electron carriers between the NADH oxidation site and the nitrate reduction site (5) . NR nide, mammalian Cyt c, and other acceptors, and can also catalyze the reduction of nitrate with reduced methyl and benzyl viologen and reduced flavins as electron donors (22) .
Although all assimilatory NR are capable of catalyzing the same types of reactions, current data indicate that the specific structure of NR is species dependent. NADH:NR from Chlorella vulgaris has been reported to have a mol wt of 300 KD with 3 subunits, each with a mol wt of 90 to 100 KD (7, 23) . NADPH: NR from Neurospora crassa has a mol wt of 230 KD with 2 subunits, each with a mol wt of 115 KD (19) . The structures of higher plant NR have been less fully characterized. NADH:NR from spinach has been reported to have a mol wt of 197 KD, with a multitude of subunit sizes ranging from 37 to 160 KD (16) . NADH:NR from squash cotyledons has a mol wt of 200 KD, while having 35 KD mol wt subunits (4) . Even discrepancies concerning the composition of NR from the same species exist, as one group has reported that NADH:NR from barley leaves showed a subunit mol wt of 100 KD (13) , while others reported the presence of 40 and 60 KD subunits (21) . Although the differences in the methods used to study the mol wt of these NR may explain some ofthis disparity ofresults, it appears that assimilatory NR from different species may be structurally different. The differences observed in structural features are also apparent in other properties of NR. The "typical" higher plant NR is specific for NADH and has a pH optimum of 7.5 (10). However, soybean leaves possess two NR which are different from other higher plant NR (3). Both NR are capable of catalyzing nitrate reduction with either NADH or NADPH, and show a pH optimum of 6.5 (3) . The NAD(P)H:NR is bispecific for pyridine nucleotides being more active with NADPH than with NADH, and has a high Km for nitrate (3) . It has been found, however, to have the same twosite ping pong kinetic mechanism as previously reported for NR from squash cotyledons and corn leaves (5, 17) . The soybean NADH:NR has a Km for nitrate typical of most higher plant NR, and a six to one preference for NADH versus NADPH (3) . Assimilatory NR appear to have significantly different molecular structures while retaining the same prosthetic groups and many of the same catalytic characteristics. Higher plant, algal, and fungal NR appear to represent a homologous series of eukaryotic enzymes that have diverged from a common ancestor.
Another means to study the chemical similarity and structural homology of proteins is through the use of immunological cross reactions. These studies have been used to examine evolutionary divergence of proteins such as lysozyme, catalase, trypsin, and Cyt c (2) . In addition, structural comparisons have been performed using antiserum to ribulose-1,5-bisphosphate carboxylase (9, 14) . It has recently been reported that the majority of evolutionary substitutions in proteins are immunologically detectable (24) . Therefore, it seems useful to compare immunologically the assimilatory NR from several species. Monospecific antisera have been prepared against NR from C. vulgaris and N. crassa (1, 6) . Impure antisera have previously been prepared against NR from spinach and Aspergillus nidulans (8, 15) . We describe here the preparation of monospecific antiserum against squash cotyledon NADH:NR, and detail the use of the antiserum to compare immunologically the similarity between squash cotyledon NR and other assimilatory NR obtained from spinach, corn, soybean, N. crassa, and C. vulgaris.
MATERIALS AND METHODS
Growth of Plants and Alga. Squash (Cucurbita maxima L. cv. Buttercup) and corn (Zea mays L. cv. W64A x W182E) were grown as previously described (5) and induced with 100 mm KNO3 and 1 mm (NH4)2SO4 in Hoagland solution 12 h before harvest. Spinach (Spinacia oleracea L.) were grown in the greenhouse in vermiculite for 6 weeks, subirrigated every other day with Hoagland solution, and induced as described above. Soybean (Glycine max L. Merr. cv. Prize) were grown and induced as previously described (3). C. vulgaris cells were grown for 3 days under continuous illumination as previously described with nitrate as the sole nitrogen source (23) . The original culture was a gift from Dr. L. P. Solomonson, University of South Florida.
Preparation and Assay of NR. NADH:NR (E.C. 1.6.6.1) was purified from squash cotyledons and corn leaves using blue-Sepharose as previously described (5) . Blue-Sepharose purified squash cotyledon NADH:NR was further purified to electrophoretic homogeneity using Procion Red-Sepharose, as previously described (4) . NADH:NR was purified from spinach leaves using blueSepharose as described for corn leaf NR (5). The NAD(P)H:NR (E.C. 1.6.6.2) and the NADH:NR from soybean leaves were prepared using blue dextran-Sepharose according to Campbell (3). NADH:NR from C. vulgaris was purified using blue-Sepharose as described by Funkhouser and Ramadoss (6) . NADPH:NR from N. crassa (E.C. 1.6.6.3) was a gift of Dr. R. H. Garrett, University of Virginia. All NADH:NR were assayed as previously described (3, 22) , while N. crassa NR was assayed by substituting 0.1 mm NADPH for NADH. The soybean leaf NAD(P)H:NR was assayed at pH 6.5 with 80 mm nitrate and 0.1 mm NADPH (3). Reduced methyl viologen:NR, NADH:Cyt c reductase, and NADH:ferricyanide reductase activities of squash cotyledon NR were assayed as previously described (22) . One unit of activity equals 1 ,umol substrate converted/min. Protein was measured as previously described using BSA (Fraction V, Sigma) as the standard (22) .
Production of Antisera. Squash cotyledon NADH:NR was isolated using blue-Sepharose and polyacrylamide gel electrophoresis as previously described (22) . NR activity was localized on the gels (23), and gel sections were excised, pooled, and pulverized in a glass homogenizer with approximately 5 ml of 10 mm K-phosphate (pH 7.5), and 0.15 M NaCl. This suspension was subsequently emulsified with an equal volume of Freund's complete adjuvant and injected subcutaneously into a previously unimmunized rabbit. The NR was prepared weekly and injected into the rabbit in the same manner except the mixture was emulsified with Freund's incomplete adjuvant. Approximately 100 ,ug of homogeneous NR, as determined by protein assays, was injected into the rabbit each week. After 4 weeks, and at regular intervals thereafter, whole blood was obtained by cardiac puncture and serum was collected after centrifugation. The antiserum was used without further purification. Serum from an unimmunized rabbit was used as the control. Anti-NR (N. crassa) was a gift of Dr. R. H. Garrett, University of Virginia.
Gel Immunodiffusion and Immunoelectrophoresis. Immunodiffusions were performed in two dimensions as described by Ouchterlony and Nilsson (18) . Noble agar (1%) (Difco) slabs were prepared in 10 mm K-phosphate (pH 7.5), and 0.8% NaCl. Precip- itin bands were allowed to develop 36 h at 22 C in a humid environment, and unreacted protein was removed from the gels with 1 day wash with 0.15 M NaCl, followed by a thorough rinse with deionized H20. Precipitates were stained for 0.5 h with 1% Coomassie Brilliant Blue in acetic acid:ethanol:water (10:45:45), and destained with acetic acid:ethanol:water (10:45:45).
Immunoelectrophoresis was carried out in 2% agar in 50 mM barbital buffer (pH 8.6). Barbital buffer (50 mM) also comprised the reservoir buffer. Electrophoresis was run at 80 v for approximately 2 h. Antisera were subsequently added to the center trough, and precipitin bands were allowed to develop 24 h at 22 C. The slides were washed and stained as described above.
RESULTS
Characterization of the Antiserum. The precipitation reaction between anti-NR (squash) and blue-Sepharose purified squash cotyledon NADH:NR was examined using the Ouchterlony gel diffusion system (Fig. 1) . Figure IA shows the reaction of increasing concentrations of NR (outer wells) with a constant volume of antiserum (center well), whereas Figure lB shows the reaction of increasing concentrations of antiserum (outer wells) with a constant quantity of NR (center well). In each case a single precipitin band was observed with a line of identity between the linearly diluted samples. Squash cotyledon NADH:NR, purified to electrophoretic homogeneity using Procion Red-Sepharose (4) , formed a single precipitin band with the antiserum and showed a line of identity with blue-Sepharose purified NR using the double diffusion system. Control serum gave no precipitin reaction with blueSepharose purified NR.
Immunoelectrophoresis was performed on blue-Sepharose purified and Procion Red-Sepharose purified squash cotyledon NR (data not shown). A single major protein staining band was observed for both preparations of purified NR, while two minor contaminants were found to cross-react in the blue-Sepharose fraction. The bands for the contaminants were too faint to establish clearly the lines of identity with the major NR band but aggregation of NR or other artifacts of electrophoresis could account for these minor bands (4).
Anti-NR (C. vulgaris) and anti-NR (N. crassa) have been found to inhibit their respective NR activities (1, 6) . Anti-NR (squash) was diluted linearly, incubated with a constant amount of blueSepharose purified NR, and examined for the effect on the NADH:NR, NADH:Cyt c reductase, NADH:ferricyanide reductase, and reduced methyl viologen:NR activities (Fig. 2) . These activities were found to be differentially inhibited by antiserum.
The NADH:NR and the reduced methyl viologen:NR were most susceptible to inhibition by antiserum, as only 10%o of these activities remained after incubation with antiserum diluted approximately 20-fold. At this same degree of dilution of the antiserum, 50%Yo of the NADH:Cyt c reductase activity remained after incubation, whereas 70%/o of the NADH:ferricyanide reductase activity was still present. Control serum at 10 times the maximum concentration used in this study had no effect on the NADH:NR activity. (6) . NR from N. crassa appears to share few antigenic determinants with these four NR's.
The results of the Ouchterlony double diffusion assays were used to examine antigenic similarities among the higher plant NR. Figure 3A shows the partial fusion of precipitin bands occurring Twenty ,ul wells were cut in the agar. Wells were filled with NR samples as shown: well 1-squash (4.4 units/ml); well 2-spinach (2.9 units/ml); well 3-corn (0.6 units/ml); and well 4-C. vulgaris (3.2 units/ml). AS indicates anti-NR (squash) in the center well.
between the squash and spinach NR and between the squash and corn NR. A spur occurs in the direction of the spinach NR in the first case and the corn NR in the second. When comparing the precipitin reaction of two antigens with a single antiserum, a spur will be found to extend toward the antigen which is less closely related to the antiserum (18). Thus, NR from spinach and corn contain fewer cross-reacting determinants than squash NR. Figure  3B depicts the comparison of the spinach NR with the other NR. Partial fusion occurs between the spinach-squash and the spinachcorn NR. The spur formation is in the direction of the spinach NR for the first band and in the direction of the corn NR for the second precipitin band. Thus, it appears that the spinach NR is more closely related to the squash NR than the NR from corn. The results in Figure 3A and B are further confirmed by Figure   . . V . 1 6 .. !; .: 5:
3C, in which partial fusion of precipitin bands was found to occur between the corn-squash and corn-spinach NR, with the spur formation directed toward the corn NR in both cases. Inasmuch as anti-NR (squash) was found to inhibit significantly squash NADH:NR activity, we examined the effect of linearly diluted antiserum on the activity of different quantities of NR (Fig. 4) . A family of curves was generated in which the highest concentration of NR was least affected by the linearly diluted antiserum. This type of analysis is similar to the precipitation curves obtained when antigens are reacted with antibodies, and the amount of antibody-antigen complex is measured (1 1). In the case ofNR we equate the amount ofbound antigen with inhibition of enzyme activity. These analyses can be used to screen for the cross-reactivity of antigens with a single antiserum (1 1).
Linearly diluted antiserum was used to inhibit the NADH-and NADPH-linked activity of NR from different sources (Fig. 5) . The inhibition of similar amounts of NR activity units from squash, spinach and corn indicated that squash and spinach NADH:NR were similar in antigenicity, while corn NADH:NR was less similar (Fig. 5A) . Although the amount of C. vulgaris NADH:NR used was about one-third the squash NR, only about 35% inhibition of the algal enzyme was found at the highest concentration of antiserum. If these proteins shared many antigenic determinants, C. vulgaris NR would have been more strongly inhibited by the linearly diluted antiserum than was observed. However, increasing the concentration of anti-NR (squash) approximately ten-fold led to complete inhibition of C. vulgaris NR activity (data not shown). Since anti-NR (squash) inhibited C. vulgaris NR, the algal NR has some antigenic determinants in common with squash NR. This result is in agreement with the previously reported inhibition of spinach NR by anti-NR (C. vulgaris) (6) . The NADH and NAD(P)H:NR from soybean primary leaf were analyzed at activity levels somewhat less than the squash NADH:NR activity (Fig. 5B) . If the soybean NR were similar in antigenicity to squash NR, a greater degree of inhibition would have been expected than was observed. Because of the different amounts of activity of soybean NR available for these assays, it cannot be concluded whether one ofthe soybean enzymes is more closely related to squash than the other. Finally, the inhibition of N. crassa NADPH:NR was analyzed at an activity level of one-half the level of squash NADH:NR activity (Fig. SB) . Here 
DISCUSSION
We have found that ,ug quantities of electrophoretically homogeneous squash cotyledon NADH:NR were sufficient to elicit an antibody response in an unimmunized rabbit. By Ouchterlony double diffusion analyses, the antiserum against squash cotyledon NR was apparently monospecific. However, immunoelectrophoresis revealed the presence of two minor contaminants which may be the result of the anomalous behavior of NR during electrophoresis. NR has been found to show aberrations in size when exposed to different electrophoretic conditions (4) . Monospecific antisera have previously been prepared against NR from N. crassa and C. vulgaris (1, 6) , while partially purified NR from spinach has been found to elicit an antibody response in guinea pigs (8, 15) . Crude NR from A. nidulans has also been found to elicit antibodies in rabbits (20) .
The anti-NR (squash) inhibited all the activities of the squash NADH:NR. However, the activities involving reduction of nitrate were inhibited to a greater degree than those which involved only the dehydrogenase function of the enzyme. These results indicate that the antiserum contained antibodies to different antigenic sites of the squash NR. The NADH:Cyt c reductase activity of NR was inhibited to a greater degree than the NADH:ferricyanide reductase activity. This difference in degree of inhibition of NADH dehydrogenase activities may only be apparent, since the smaller ferricyanide may have had greater access to the reduced enzymeantibody complex than the larger Cyt c (1). For sulfite oxidase, a differential inhibition of activity with artificial electron acceptors was also reported (12) . For this oxidase, the sulfite-linked reduction of ferricyanide was not inhibited by antibody whereas the reduction of Cyt c was inhibited (12) . The present results with anti-NR (squash) more closely resemble those obtained by Amy and Garrett (1) with anti-NR (N. crassa) than those of Funkhouser and Ramadoss (6) with anti-NR (C. vulgaris). The anti-NR (C. Plant Physiol. Vol. 68, 1981 vulgaris) was reported to inhibit totally the NADH:NR, NADH: Cyt c reductase, and reduced methyl viologen:NR activities of the algal enzyme (6) .
Antiserum to squash cotyledon NADH:NR was used to compare immunologically the cross reactivities of pyridine nucleotidelinked NR's. Ouchterlony double diffusion analyses and inhibition of activity were used as a basis for this comparison. As expected, squash cotyledon NR was found to be the most antigenic as revealed by Ouchterlony assay and inhibition ofactivity. However, inhibition of activity assays indicated that all six forms of assimilatory NR studied here have antigenic sites in common with squash NR. Spinach NADH:NR appeared to be the most closely related to squash NR, as revealed by both the Ouchterlony and inhibition of activity assays. The other higher plant NR studied were less closely related to squash NR, but it was not possible to establish an order of relatedness from the current results. C. vulgaris NADH:NR appeared to be less closely related to the squash NR than any of the higher plant NR which was most clearly shown by the Ouchterlony assays. N. crassa NADPH:NR was also shown to be not related closely to the higher plant NR by analyses with both the anti-NR (squash) and the anti-NR (N. crassa). Previous studies with the anti-NR (C. vulgaris) indicated that C. vulgaris NR had common antigenic determinants with spinach and N. crassa NR but that these enzymes were not closely related (6) .
The extent of cross-reaction between enzymes and antibodies appears to depend on the phylogenetic distance between the organisms from which the enzymes were isolated (2) . In addition, it has been suggested that when a substitution occurs in an amino acid residue of a protein, the antigenicity of the protein is affected (24) . The degree of cross reactivity of the NR forms appears to correlate roughly with the phylogenetic distances among higher plants, algae and fungi. Thus, these NR may represent a homologous series of divergent proteins, maintaining similarity in catalytic properties while drifting apart at nonessential residues. Alternatively, during the evolution of NR to the modem forms of the enzyme, specific alterations of the enzyme's structure may have occurred which were related to the physiology and biochemistry of the organisms. It seems likely that both forces may have influenced NR antigenicity. The general descriptive properties of NR activity, including catalytic activities and kinetic mechanism, indicate that the pyridine nucleotide NR are divergent forms of a common ancestral NR. However, structural differences between NR forms do not conform with this view since higher plant NR has subunits with a mol wt of 35 to 40 KD (4, 16, 21) , while algal and fungal NR have subunits with mol wt of 90 to 115 KD (7, 19) . These large differences in structural characteristics of the NR family indicate that these proteins may not share a common origin. In contrast, the immunological studies described here indicate that higher plant, algal, and fungal NR are structurally related and share a common origin. To resolve the question of the origin of the NR polypeptides, detailed knowledge of the chemical structures of these polypeptides, or of the nucleic acid sequences coding for them, will be required.
